Adult tissues undergo continuous cell turnover in response to stress, damage, or physiological demand. New differentiated cells are generated from dedicated or facultative stem cells or from self-renewing differentiated cells. Here we describe a different stem cell strategy for tissue maintenance, distinct from that observed for dedicated or facultative stem cells. We report the presence of nestin-expressing adult stem cells in the perilumenal region of the mature anterior pituitary and, using genetic inducible fate mapping, demonstrate that they serve to generate subsets of all six terminally differentiated endocrine cell types of the pituitary gland. These stem cells, while not playing a significant role in organogenesis, undergo postnatal expansion and start producing differentiated progeny, which colonize the organ that initially entirely consisted of differentiated cells derived from embryonic precursors. This generates a mosaic organ with two phenotypically similar subsets of endocrine cells that have different origins and different life histories. These parallel but distinct lineages of differentiated cells in the gland may help the maturing organism adapt to changes in the metabolic regulatory landscape.
T
issue maintenance in the adult organism requires a constant supply of new cells to replace differentiated cells lost to stress and damage or destroyed as part of a normal cell death program. This replacement is made possible through the activity of tissue-specific dedicated stem cells (exemplified by stem cells for blood, hair follicles, and brain), facultative stem cells (e.g., oval cells of the liver producing hepatocytes upon injury), or fully differentiated cells, which can undergo self-duplication when required for tissue maintenance (e.g., hepatocytes and pancreatic ␤ cells) (1, 2) . For both the dedicated and facultative stem cells of the adult tissues, the lineage can be traced back to particular embryonic precursors; these same embryonic precursors are also responsible for the generation of differentiated cells of the tissue.
Anterior pituitary gland is a key regulator of the endocrine balance in the adult organism. The gland of newborns already contains a full set of terminally differentiated hormoneproducing cells (3, 4) . However, the postnatal gland undergoes extensive remodeling during the lifetime of the animal. Soon after birth, the anterior pituitary enters a phase of growth that results in a dramatic increase in the size of the gland (5, 6) . Furthermore, composition of the gland undergoes changes in response to hormonal signals (7) . These observations are compatible with the existence of stem-like cells in the maturing and adult pituitary; this notion is also supported by observations that a fraction of pituitary tumors of monoclonal origin are plurihormonal and contain several pituitary cell types (8, 9) . However, the existence of multipotent stem cells in the anterior pituitary has not yet been demonstrated. Several different cell types, including folliculostellate cells (10) (11) (12) (13) , rapidly dividing nestin-expressing cells (14) , and side population cells of the anterior pituitary (15) , have been recently proposed as stem cells (16) ; however, there is no evidence that any of the proposed candidates are able to generate all differentiated cell types and participate in the process of cell renewal in the anterior pituitary gland in vivo. We here demonstrate the existence of stem cells in the adult pituitary and describe a distinct strategy that these stem cells employ.
Results
Nestin-Expressing Cells of the Adult Anterior Pituitary. To identify stem cells of the anterior pituitary, we used transgenic mice expressing GFP driven by regulatory elements of the nestin gene (17) . Expression of this transgene has been found in several types of tissue-specific multipotential stem cells, including adult and embryonic neural stem cells (17) , stem cells in the bulge of the hair follicles (18, 19) , precursors to the Leydig cells of the testis (20) , satellite cells of the skeletal muscles (21) , and oval cells in the liver (22) . We therefore examined whether nestin-GFP expression may also mark stem cells for the pituitary gland. We found GFP-positive cells in both the anterior and intermediate lobes of the pituitary gland of 3-to 4-week-old mice, residing predominantly around the lumen that separates the anterior and intermediate lobes ( Fig. 1 A and B) ; identical results were obtained with an independently generated mouse line (23) carrying cyan fluorescent protein fused to a nuclear localization signal driven by the same regulatory elements (data not shown). A smaller number of such cells was found at the border between the intermediate and posterior lobes. The GFP-positive cells expressed Lhx3 (Fig. 1C) , a key marker of all six pituitary lineages (24, 25) , suggesting a histogenetic relation to the endocrine cell types of the pituitary. They also expressed Sox2, whose expression is associated with several categories of stem cells; furthermore, they express epithelial markers cytokeratin 8 and EpCAM (Fig. 1 D and E) . The nestin-GFP cells were negative for the markers of terminal differentiation of the pituitary lineages, indicating their undifferentiated phenotype. A smaller number of weakly GFP-positive cells, presumably of mesenchymal origin, did not express Lhx3, cytokeratin 8, or EpCAM and were mostly found associated with blood vessels (Fig. 1F) .
To obtain further insights into the genesis of the nestin-GFP cells of the adult gland, we traced the development of these cells during the embryonic and perinatal periods of pituitary histogenesis. The first nestin-GFP-expressing cells were detected in Rathke's pouch, the primordium of the anterior pituitary, at embryonic day 11.5. At this time, single GFP-expressing cells were located in the dorsal part of Rathke's pouch, the region that contributes to the future intermediate and anterior lobes of the anterior pituitary (Fig. 1G) . At the end of embryonic development and immediately after birth [embryonic day 18.5 to postnatal day 1 (p1)], the number of GFP-expressing cells gradually increased, and they were still confined mostly to the perilumenal areas. As in the adult pituitary, these cells were positive for Lhx3 and for the epithelial markers cytokeratin 8 and EpCAM (Fig.  1H) ; however, they did not express markers of terminal differentiation.
At the end of the first postnatal week, the pituitary gland starts to undergo a second wave of growth accompanied by a dramatic increase in cell proliferation. At this time, we observed a significant migration of GFP-expressing cells that expressed cytokeratin 8, EpCAM, and Lhx3, from the perilumenal area into the glandular territory. (Fig. 1I) . Among these cells, a small fraction also expressed Pit-1; these cells may correspond to a transitory form between the multipotent stem cells and their more narrowly committed progeny. A large fraction of nestin-GFP-expressing cells both in the glandular zone and in the perilumenal area was positive for Ki67, a marker of dividing cells. Importantly, such active migration and proliferation of nestin-GFP cells was observed only for this period of pituitary development. It was not seen immediately after birth (p1) or at the end of the second wave of pituitary growth (p21) (Fig. 1J) .
Genetic Lineage Marking of the Nestin-GFP Stem Cells. The observations of the stem-like nature and phenotype of nestin-GFP cells, their dissimilarity from the embryonic pituitary precursors, and their involvement in the postnatal wave of pituitary growth together suggest that nestin-GFP cells correspond to the multipotent stem cells of the adult pituitary. They further suggest that these cells are different from the embryonic precursors that generate the bulk of the cells that make up the gland during embryonic development. We sought to support this hypothesis by using a lineage analysis technique that employs a recombination-based reporter system in which transgenic mice expressing Cre recombinase under the control of nestin regulatory elements, the same elements used to generate the nestin-GFP line (26) , are crossed with mice of the ROSA26-loxP-stop-loxP-GFP (ROSA-lsl-GFP) reporter line. In the progeny, the differentiated cells that are derived from nestin-expressing precursors (which have undergone Cre-mediated recombination) will be permanently marked by GFP expression.
In ( Fig. 2A) . Not counting these cells, the number of GFP-positive cells in the newborns was only Ϸ2% (Fig. 2 A and C) . Fig. 2 B and C) . GFP expression was found in all six terminally differentiated pituitary endocrine cell types-melanotrophs, corticotrophs, gonadotrophs, somatotrophs, lactotrophs, and thyrotrophs (Fig. 2D) . Thus, the input of adult stem cells increases 10-fold during the first months of life, highlighting their contribution to the structure of the adult gland.
Further supporting the notion of a separate adult stem cell lineage, the differentiation choices differed between the embryonic-and adult stem cell-derived progeny; for instance, in females the ratio of lactotrophs to somatotrophs was 1.8 times higher for GFP-expressing cells (i.e., cells derived from the presumptive adult stem cells) than for all of the cells of the gland (a mix of embryonic-and adult-generated cells), whereas in males it was 0.7 times lower for the GFP-expressing cells as compared with all cells of the gland (Fig. 2C) . Together, these results indicate that a substantial fraction of the differentiated cells in the adult pituitary derive from adult, but not embryonic, stem cells and demonstrate complex dynamics of the stem cell-derived population in the gland.
It is potentially possible that differentiated cells in the above experiments derive from committed progenitor cells with a more limited differentiation repertoire that persist in the adult gland, rather than from multipotential stem cells. To discriminate between these possibilities, we used another lineage-marking approach, genetic inducible fate mapping (27) , where the same ROSA-lsl-GFP reporter mice were crossed with animals expressing Cre recombinase fused to the tamoxifen-responsive estrogen receptor ligand binding domain under the control of the nestin gene regulatory elements that had been used to generate the nestin-Cre and nestin-GFP lines (28) . In the progeny, recombination, and thus GFP expression, occurs upon addition of tamoxifen and activation of the recombinase; thus, it is possible to achieve a temporal control over the initiation of the lineage analysis. We found that, even in animals of advanced age (10 months), tamoxifen-induced marking revealed terminally differentiated endocrine cells (Fig. 2E) . (Note that tamoxifen-induced recombination may be effective in a fraction of potential target cells; thus, we cannot quantify the overall contribution of adult stem cells using this approach.) These results confirm that new differentiated cells are generated in the adult gland and indicate that these cells are derived from nestin-positive multipotential stem cells. During exponential growth, cells of the colony express the same markers as the nestin-GFP cells of the pituitary gland (GFP, nestin, Sox2, cytokeratin 8, cytokeratin 18, Lhx3, and EpCAM), but they do not express markers of pituitary differentiation (see also SI Text). When the cells of the colony exit the exponential growth phase, they start to differentiate and can produce cells of all six anterior pituitary lineages: scattered cells in the colony express adrenocorticotrophic hormone (ACTH), ␣-subunit (␣GSU) of the glycoproteins follicle-stimulating hormone (FSH), luteinizing hormone (LH), and thyroid-stimulating hormone (TSH), and Pit-1, a POU-homeodomain transcription factor that determines the differentiation of somatotrophs, lactotrophs, and thyrotrophs; furthermore, we found cells expressing growth hormone (GH), prolactin (PRL), and TSH␤, which mark terminal differentiation of the somatotrophs, lactotrophs, and thyrotrophs, respectively (Fig. 3) . These results were confirmed by RNA expression analysis (see SI Text). Thus, nestin-GFP cells isolated from the anterior pituitary are undifferentiated and capable of self-renewal and, upon prolonged cultivation, can produce differentiated cells of all anterior pituitary lineages. Together, these results provide additional evidence that nestin-GFP cells of the anterior pituitary correspond to stem cells of the adult gland.
Nestin-GFP Stem-Like Cells in Pituitary Tumors. An emerging concept in the biology of stem cells is their potential connection to carcinogenesis (1, 29, 30) . Because nestin-expressing stem cells in the anterior pituitary are the only cell type in the organ that possesses a self-renewal potential, we speculated that these cells may be targeted for the initiation of pituitary tumorigenesis. An attractive genetic model of neuroendocrine tumorigenesis are mice that carry one functional allele of retinoblastoma Rb-1 gene (Rbϩ/Ϫ mice). These animals develop tumors in the intermediate lobe of the pituitary during the second year of life in almost 100% of cases (31, 32) . We, therefore, crossed nestin-GFP mice with Rbϩ/Ϫ mice to investigate whether cells with a phenotype similar to adult pituitary stem cells could be found in the pituitary tumors. We found well developed tumors growing from the intermediate lobes of 12-month-old Rbϩ/Ϫ mice, and consisting of multiple nodules or foci of proliferating endocrine cells (Fig. 4 A and B) , predominantly producing melanocytestimulating hormone (MSH). Tumor nodules were surrounded by nestin-GFP-positive cells that expressed Lhx3, Sox2, EpCAM, and cytokeratin 8; in contrast to the majority of tumor cells these cells were MSH-negative (Fig. 4 C-F) . The similarity of the phenotype of nestin-GFP-positive cells in the pituitary tumors and the adult anterior pituitary stem cells we described above, as well as their spatial distribution inside tumors, is consistent with their representing an undifferentiated cell compartment connected to the initiation and growth of pituitary tumors and with the concept of cancer stem cells.
Discussion
We here describe a population of cells in the adult anterior pituitary that satisfy the criteria for adult organ-specific Our data suggest that adult stem cells of the anterior pituitary do not play a significant role in the embryonic development of the anterior pituitary, but start functioning and contributing prominently to the gland soon after birth. This is compatible with the emerging evidence that a population of adult stem cells can be maintained and function only after a specific niche is established in the appropriate tissue (33) (34) (35) . Once entrenched in the niche (in this case, the perilumenal region), these stem cells start to produce progeny that can differentiate along the same lineages as embryonically derived cells and colonize the organ. Thus, soon after birth and throughout adulthood the gland represents a mosaic of differentiated cells with similar phenotypes but of different origin, i.e., those that were generated by the nestin Ϫ /Lhx3 ϩ / Lhx4 ϩ /Hesx1 ϩ embryonic precursors and those that were produced by nestin ϩ /Lhx3 ϩ /Lhx4 Ϫ /Hesx1 Ϫ multipotent adult stem cells (Fig. 5) .
What could be the physiological implications of generating parallel sets of terminally differentiated hormone-producing cells from two different sources hosted by the same organ? It is conceivable that differentiated endocrine cells derived postnatally from multipotential stem cells may be better suited to function in a dynamic fashion in response to the constantly changing hormonal and metabolical landscape of an adult organism. This hypothesis would predict that there are subtle but crucial differences between the two (embryonically derived and adult stem cell-derived) populations of differentiated cells in the anterior pituitary; indeed, there is accumulating evidence in support of this idea. For instance, a physiological heterogeneity has been found in the adult pituitary gland where a spatially distinct subset of somatotrophs expresses the receptor for GHRH. Single-point mutation in the gene coding for this receptor resulted in growth retardation accompanied by loss of this subpopulation of somatotrophs (36) . Another example is described for rats where a distinct subset of lactotrophs increases with age in females, reaching a peak at the time of sexual maturity (7) . Likewise, the mosaic organization of the pituitary gland may explain recent observations that conditional ablation of the cAMP response element binding protein (CREB-1) using nestin-Cre-mediated recombination (the same nestin-Cre line as used in our experiments) results in adult onset of pituitary hypoplasia accompanied by dwarfism (37) . Importantly, the embryonic development of the pituitary was not affected, compatible with the notion of two similar but distinct populations of somatotrophs in the adult gland.
Our results argue that the anterior pituitary exemplifies an unusual strategy for using stem cells to maintain the tissue and respond to incoming signals. This strategy differs from that of tissues with dedicated stem cells (e.g., hematopoietic stem cells), facultative stem cells (e.g., oval cells of the liver), or self-renewal of fully differentiated cells (e.g., hepatocytes). The parallel activity of adult stem cells and embryonic precursors causes the adult anterior pituitary to become a mosaic of terminally differentiated cells of different origin with different life histories. This may make the gland better adapted for dynamic responses to physiological and pathological stimuli.
Materials and Methods
Animals. All experiments were performed by using C57B6 mice and nestin-GFP transgenic mice (17) crossed to C57B6 for at least 10 generations. Nestin-Cre transgenic mice [B6.Cg-Tg(Nes-cre)1Kln/J], ROSA-lsl-GFP [Gt(ROSA)26Sortm2Sho] reporter mice, and Rbϩ/Ϫ (B6.129S2-Rb1 tm1Tyj /J) mice were obtained from The Jackson Laboratory. Generation of NestinCreER mice is described in ref. 28 . Use of animals was reviewed and approved by the Cold Spring Harbor Laboratory Animal Use and Care Committee.
Immunocytochemistry. Immunolabeling was performed by following standard protocols for tissue fixation and processing (see SI Text for details).
Tissue Culture. Pituitaries from wild-type or transgenic mice were dissociated, and cells were plated at low density and grown in the presence of 20 ng/ml bFGF and 50 ng/ml cholera toxin (see SI Text for details).
Real-Time Quantitative PCR. Experiments and statistical analysis of the results were performed as described previously (38) (see SI Text and Tables S1 and S2 for the procedure details and the list of primers).
Additional Details. The remaining experimental details can be found in SI Text.
Fig. 5.
Schematic representation of the anterior pituitary histogenesis. Anterior pituitary develops from the epithelial primordium (Rathke's pouch), influenced by the contact with ventral diencephalon and regulated by a complex morphogenetic field of growth factors/morphogens. Around embryonic day 11, presumptive adult stem cells arise in the primordium of the anterior pituitary. They reside mostly in the perilumenal area and, although normally quiescent, possess high proliferative potential and the ability to generate all terminally differentiated cell types in response to specific physiological stimuli. During postnatal development, they contribute to all of the terminally differentiated endocrine cell types of the anterior pituitary. As a result, the adult anterior pituitary gland became a mosaic of terminally differentiated cells of different origin and with a different life history.
